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The biomedical industry has an increasing demand for processes to join dissimilar metals, such as laser welding of NiTi and stainless
steel wires. A region of the weld close to the NiTi interface, which previously was shown to be prone to cracking, was further analyzed by
energy dispersive spectrometry (EDS) extended in the third dimension using a focused ion beam. As the spatial resolution of EDS anal-
ysis is not precise enough to resolve the ﬁnest parts of the microstructure, a new segmentation method that uses in addition secondary-
electron images of higher spatial resolution was developed. Applying these tools, it is shown that this region of the weld close to the NiTi
interface does not comprise a homogeneous intermetallic layer, but is rather constituted by a succession of diﬀerent intermetallics, the
composition of which can be directly correlated with the solidiﬁcation path in the ternary Fe–Ni–Ti Gibbs simplex.
 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Thanks to its properties (pseudoelasticity, shape mem-
ory, corrosion resistance and biocompatibility), nickel–tita-
nium (NiTi) plays an important role in biomedical
engineering. It is used, for instance, to design medical
devices for invasive surgery such as catheter guide-wires,
stents or coil anchors. In order to extend the range of appli-
cations and to reduce ﬁnal product costs, there is a strong
interest in joining NiTi with other biocompatible alloys
such as stainless steel (SS).
In a previous study, the mechanical integrity of laser-
welded joints between NiTi and SS wires was investigated
[1]. In situ tensile tests in a scanning electron microscope
revealed an unexpected fracture location: nucleating at1359-6454/$36.00  2013 Acta Materialia Inc. Published by Elsevier Ltd. All
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E-mail address: pierre.burdet@a3.epﬂ.ch (P. Burdet).the periphery of the welded region close to the NiTi inter-
face, the crack ﬁrst propagates with a brittle mode all
around the wire at the onset of the superleastic plateau.
At the end of this plateau, ductile rupture of the specimen
occurs by propagation of the crack into the NiTi wire. It
was shown that this behavior results from a stress concen-
tration in the weld near the interface perimeter induced by
three concomitant mechanisms: (i) the shape of the weld,
which is wider at the surface and narrower in the middle
of the wire; (ii) the higher elastic modulus of the weld com-
pared to that of NiTi; and (iii) the radial contraction of the
NiTi wire at the onset of the superelastic plateau (associ-
ated with the isovolumetric martensitic transformation).
In order to assess that this early failure is not favored also
by the formation of brittle intermetallics, an extended
knowledge of the diﬀerent phases and their location in
the welded region close to the NiTi base wire is needed at
the microscale.
A ﬁrst step to apprehend the complex material micro-
structure that forms during heterogeneous laser welding
consists in considering the multicomponent phase diagram.rights reserved.
Fig. 1. Fe–Ni–Ti ternary phase diagram, cut isothermally at 1000 C [2].
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tion as well as on the phase formation,1 the three main ele-
ments considered in this work are Ti, Fe and Ni. An
isothermal cut at 1000 C of a ternary Fe–Ni–Ti phase dia-
gram is shown in Fig. 1 [2]. The black line connects the two
initial phases, the SS on the left corner and the NiTi on the
middle right of the Gibbs simplex.
Following the diﬀusion path theory described by Kirk-
aldy et al. [3], the phases that can be present in the welded
joint are those present in the single- or multi-phase domains
crossed by the line linking the two initial materials. In the
present case, the potential phases are (Fe,Ni) Ti, Ni3Ti,
Fe2Ti and c-(Fe,Ni). During the sample production, the
base wires aremelted to form the welded area. Amixing pro-
cess mainly driven by Marangoni convection takes place,
leading to a complex microstructure, both in a geometrical
and compositional sense. With such a complex system, an
accurate characterization technique that is able to chemi-
cally identify diﬀerent phases is needed, and moreover this
needs to be achieved in three dimensions (3-D).
Using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectrometry (EDS), accurate composi-
tions can be measured with high spatial resolution [4]. In
order to obtain composition maps of the various elements,
the surface of the sample is scanned. Using a focused ion
beam (FIB) combined with SEM/EDS, 2-D mapping can
be extended to three dimensions: using an FIB to sequen-
tially mill away thin layers of material through the volume
of interest, each section is characterized with SEM images
and EDS maps. This technique is called 3-D EDS by FIB/
SEM [5,6].
The precision of EDS depends on the X-ray counting
statistics and is improved by long acquisition times [7].
Given the high number of spectra in a 3-D EDS stack,1 An analysis of the Cr–Ti–Ni and Cr–Ti–Fe ternary phase diagrams
shows a high Cr solubility in TiFe2 but a low solubility in Ni3Ti. Based on
that, the Cr content is considered to be linked to that of Fe.the time spent per spectrum needs to be limited to keep
the total acquisition time reasonable. Therefore the count-
ing statistics are the main factor limiting the composition
accuracy determined using this technique.
The spatial resolution of EDS is linked to the accelera-
tion voltage, which needs to be suﬃciently high to excite
the desired characteristic X-ray lines. This voltage inﬂu-
ences directly the distribution volume of the generated
X-rays that is roughly in the micrometer range [4]. Thus
EDS maps have a high chemical contrast with relatively
low spatial resolution. Secondary electrons (SEs) have an
escape depth of less than 10 nm. The resolution of SE
images is of the same order of magnitude, considering that
SEs generated at the probe location (SE1) mainly form the
images [4]. With a good resolution but a low chemical con-
trast, SE images are complementary to EDS maps.
One aim of 3-D image processing is to segment the ana-
lyzed volume into subvolumes corresponding to chemically
diﬀerent phases. Two segmentation methods adapted to 3-
D EDS were reported: (i) a straightforward method most
commonly used to isolate one phase is to set up a threshold
value for one of the elements [6,8,9] and (ii) a segmentation
method developed by Kotula et al. [10] based on multivar-
iate statistical analysis—this method provides a set of sta-
tistically dominant phases with their corresponding
spectrum. Both of these methods rely only on EDS mea-
surements, without using the high spatial information
given by SE images.
The main goal of the present work is to characterize the
complex microstructure formed in a NiTi–SS laser-welded
joint, more speciﬁcally for a small region close to the NiTi–
weld interface where the presence of some intermetallics
was revealed by back-scatter electron (BSE) contrast. 3-D
EDS by FIB/SEM seemed to be the most promising char-
acterization technique for this complex case. None of the
segmentation methods found in the literature appeared
appropriate; therefore a new segmentation method was




The sample used for the present investigation was pro-
duced by welding wires of NiTi (50.8 at.% Ni) and SS
(grade 304L), 300 lm in diameter. Prior to welding, NiTi
wires were chemically etched in a hydroﬂuoric and nitric
acid aqueous solution to remove the titanium black oxide
layer formed during their production, and SS wires were
used as received (wire-drawn without annealing). Welding
was performed using a Nd:YAG pulsed laser coupled to
an orbital welder. The pulse energy and duration were
adjusted to achieve a complete transverse weld. The time
between each pulse was set to be long enough to allow
solidiﬁcation and heat diﬀusion over the wire radius
between each pulse, and thus to obtain isotherms almost
Fig. 3. Schematic view of a sample ready for acquisition. The position of
the diﬀerent beams is shown as well as the angle between the ion beam and
the electron beam. The x, y and z axes are deﬁned for this type of
geometry. The red lines show the position of the subsequent sections.
3092 P. Burdet et al. / Acta Materialia 61 (2013) 3090–3098normal to the wire axis, right at the beginning of the next
pulse. A laminar ﬂux of pure argon was blown during
welding in order to avoid titanium oxidation. More details
about the welding conditions can be found in Refs. [1,11].
A longitudinal section of a welded specimen observed by
SEM/BSE is shown in Fig. 2. Prior to the observation, the
section was mechanically polished with diamond lapping
grinding disks and aqueous silica solution to obtain a mir-
ror-polished section.
In Fig. 2, the SS is on the left and the NiTi is on the
right. The weld made by a succession of spot welds around
the periphery of the two wires appears as a “diabolo” shape
in this section. Slight compositional variations within the
weld are responsible for the various gray levels and clearly
show that Marangoni convection during the laser spots is
not suﬃcient to achieve complete mixing in the liquid. A
thin layer (white arrows) is observed at the interface
between the weld and the NiTi wire. The white rectangle
shows the location analyzed by 3-D EDS.
2.2. 3-D EDS by FIB/SEM
The 3-D data were collected with a Carl Zeiss Nvi-
sion40. This microscope comprises a vertical electron col-
umn and an ion column (Liquid Metal Ion Source, Ga+)
with an angle of 54 in between. The EDS detector, an
Oxford Instrument X-Max with 80 mm2 detection area, is
mounted at an azimuthal angle of 90 and an elevation
angle of 37.
Prior to the 3-D run, the stage was tilted 54 in order to
have the ion beam normal to the sample surface, as shown
in Fig. 3. A protective layer of carbon was deposited on the
top of the region of interest, in order to minimize curtain-
ing eﬀects [12]. Trenches were milled around the deposited
layer to gain access to the volume of interest. A freshly
milled section was obtained perpendicular to the surface.
The electron beam images the section with an angle of
36 and the resulting take-oﬀ angle for the EDS detector
is 27 [6]. During the 3-D acquisition, layers were etchedFig. 2. SEM back-scattered image of a longitudinal cut through a welded
NiTi–SS couple. The white rectangle indicates the region of 3-D EDS
acquisition. Arrows show the thin intermetallic layer of interest.away sequentially through the whole volume. A SE image
of the section was recorded after each removed slice, i.e.
in this case 12.5 nm. An EDS map was acquired after every
eighth slice had been removed, i.e. 100 nm under the pres-
ent conditions.
Table 1 gives the set of the lowest-energy X-ray lines
without overlaps. The acceleration voltage was set to
10 kV in order to excite eﬃciently these X-ray lines.
The depth distributions of the emitted X-rays were sim-
ulated by Monte Carlo simulations. Fig. 4 shows the distri-
butions for the three main elements (Fe,Ni,Ti). Each X-ray
line is simulated in the corresponding pure material. The
maximum X-ray production depth for the three elements
ranges from 200 to 450 nm. Most of the X-rays are gener-
ated in the ﬁrst 100 nm. For both EDS maps and SE
images, the pixel sizes in x and y were set to have isometric
voxels (100  100  100 nm3 and 12.5  12.5  12.5 nm3,
respectively). Each EDS map was scanned through with
128  96 points, while SE images comprise 1024  768
points.
A period of 6 min was spent per EDS map, thus 30 ms
per spectrum recorded at each pixel. SEM current
(2.8 nA) and EDS detector process time were optimized
to obtain an average output count rate of 40 kcps (at a
dead time of 40%). The 3-D acquisition was run through
a volume of 12.8  9.6  4.4 lm3 at the NiTi–weld interfa-
cial region (white rectangle in Fig. 2). During the 12 h
acquisition, 352 SE images and 44 EDS maps were subse-
quently recorded.
In order to assess the precision of the short EDS maps of
the 3-D runs, a longer 2-D EDS map with better statisticsTable 1
X-ray lines and energies for the analyzed elements.
C Ti Cr Fe Ni
Lines Ka Ka Ka Ka La
E (keV) 0.28 4.51 5.41 6.40 0.85
nFig. 4. Depth distributions of emitted X-rays at 10 kV for the main three
elements of NiTi–SS welds. Each distribution is simulated in the
corresponding pure material: Ti Ka in Ti, Fe Ka in Fe, and Ni La in Ni.
Fig. 5. SEM secondary electron image of a 2-D section of a NiTi–weld
interfacial region.
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microscope parameters. The dwell time was chosen to be
10 times longer (300 ms dwell time, 1 h for the whole map).
The standard spectra used for quantiﬁcation were
recorded with the same microscope parameters, apart from
a live time of 30 s. NiTi base wire was used as a microanal-
ysis standard for Ni and Ti, as the ratio between this two
elements is certiﬁed, and impurities are guaranteed below
0.1 wt.%. For the other analyzed elements, pure materials
mounted on a support were used (Structure Probe Incorpo-
ration supplies).
2.3. Data processing
The stack of 352 SE images was registered (aligned) at a
sub-pixel level using a pyramidal approach [13]. A ﬁrst-
order 3-D median ﬁlter was applied to the obtained stack
to reduce noise. SE images have an uneven background
gray level induced by a shadow eﬀect of the side walls. This
background was reduced with a high-pass ﬁlter [14].
All EDS spectra of the 3-D run were quantiﬁed as
described below. After background correction using a top-
hat ﬁlter, the extracted X-ray intensities of sample and stan-
dard were compared [4] and corrected for matrix eﬀects (/
(qz) extended Pouchou–Pichoir [15]). The obtained stacks
of elemental maps were aligned based on the SE image stack
alignment; the same ﬁrst-order 3-D median ﬁlter was
applied. Then the whole set of stacks (elemental maps and
SE images) was used for segmentation. This speciﬁcally
developed method is described in the Results section. To
obtain a 3-D visualization, a polygonal surface representa-
tion was built with the segmented phases [16].
The same noise ﬁlter, background removal and quantiﬁ-
cation were applied to the 2-D data (SE image and EDS
map).
2.4. Software
The simulation of X-ray emission (Fig. 4) was done with
DTSA-II [17]. Stratagem

software (SAMx) was used for
matrix-eﬀects correction. Before matrix correction, the
spectra were processed using a home-made script. ImageJ
software was used to register the images in the stack [18].Further data processing was carried out using home-made
scripts in Mathematica 8.0. 3-D surface visualizations
were obtained using Avizo ﬁre 6.0 (VSG).
3. Results and discussion
The presentation of the results is divided into four sub-
sections. In the ﬁrst part, the results of the 2-D EDS map
with the longest acquisition time are presented. A new
method to segment the 3-D stack is then described in the
second subsection, before presenting a 3-D reconstruction
of the phases. In the last subsection, the results are further
discussed from a metallurgical viewpoint, with respect to
the solidiﬁcation and diﬀusion path.
3.1. 2D EDS Analysis of NiTi weld interface
Fig. 5 shows a SE image of a freshly milled section. As
this section is ﬂat, the contrast variation of the image is
most probably linked to changes in phase composition.
Based on EDS measurements, the black spots were identi-
ﬁed as titanium carbides.
The elemental maps corresponding to Fig. 5, before
noise ﬁltering, are shown in Fig. 6. Even for this 1 h
map, the time spent per pixel is quite low (300 ms). Consid-
ering only counting statistics, the absolute errors (1r) range
from 2 to 5 at.%, depending mainly on the intensity of the
X-ray line, and appear as noise in the elemental maps. To
obtain an accurate composition, the X-ray intensities are
corrected for matrix-eﬀects (absorption and ﬂuorescence).
The correction method used is based on a locally homoge-
neous composition. To correct for the absorption, the
homogeneity range needs to be within the volume of the
primary generated X-rays (and in the direction to the detec-
tor), in the present case around 300 nm. For the ﬂuores-
cence correction, the homogeneity range needs to be
bigger, but this is a weaker correction as observed in the
present case with calculations with and without ﬂuores-
cence correction. Analyses close to the phase boundary
have a slightly lower level of accuracy. The total volume
Fig. 6. Quantitative X-ray maps of Ti, Fe and Ni for the section shown in
Fig. 5 and a 1 h acquisition time. The gray scale gives the concentration in
at.%. The NiTi wire is on the right.
3094 P. Burdet et al. / Acta Materialia 61 (2013) 3090–3098of these regions is small, so that from a statistical point of
view the composition of the diﬀerent phases remains
accurate.
The Fe, Ni and Ti compositions measured at each pixel
of the 2-D section are reported in the ternary Gibbs sim-
plex in Fig. 7, on a logarithmic scale (from blue to red)
[19]. This composition histogram is overlaid on a projec-
tion of the liquidus in (a), while in (b) the same histogram
is shown with a 1000 C isothermal section of the Fe–Ni–Ti
phase diagram [2]. The composition “path” can be
described as follows: (i) from NiTi on the right of the Gibbs
simplex, the compositions then follow the bottom limit of
the (Fe,Ni) Ti region; (ii) once the end of the (Fe,Ni) TiFig. 7. Histogram of the compositions measured by 2-D EDS in the section sho
is superimposed on a projection of the liquidus in (a) and on a 1000 C isother
code used to scale the three compositions is shown in the top right corner.tie-line is reached in Fig. 7, the path goes toward the Ni3Ti
intermetallics; (iii) the path then follows the tie-line
between Ni3Ti and Fe2Ti; (iv) ﬁnally, the path crosses the
ternary region toward c-(Fe,Ni). These results and what
they imply in terms of the solidiﬁcation and diﬀusion paths
are further discussed in the following section based on 3-D
stack segmentation.
3.2. 3-D stacks segmentation
As for the 2-D case, ternary composition histograms
were calculated from the 3-D stacks of elemental maps,
cutting the lowest and highest frequency counts at 100 cts
and 25 kcts, respectively. Compared to Fig. 7, the peaks
and the composition path deduced from the 3-D stack
are signiﬁcantly broader in Fig. 8. This is due to the lower
number of counts (10 times fewer counts). Nevertheless,
the global shape of the diﬀusion path is preserved and dif-
ferent intermetallic regions are distinct enough to be used
as a starting point for the segmentation.
In a ﬁrst approach, threshold values on composition
were deﬁned for each of the three main elemental maps
according to:
tmin;i 6 Ci < tmax;i where i ¼ Fe;Ni;Ti ð1Þ
where tmin,i and tmax,i correspond to the minimum and max-
imum threshold values, respectively, of the corresponding
composition Ci. On the ternary diagram of Fig. 8, these
threshold values form lines that deﬁne the edges of a thresh-
old polygonal domain. The latter can have a maximum of
six edges parallel to the boundaries of the Gibbs simplex.
If no constraint is given for a particular element composi-
tion (i.e. tmin,i = 0 and tmax,i =1), the threshold domain
becomes a parallelogram with 60 and 120 angles. Anwn in Fig. 5 and displayed in the Fe–Ni–Ti Gibbs simplex. This histogram
mal section of the Fe–Ni–Ti phase diagram in (b) [2]. The logarithm color
Fig. 8. Ternary histogram of the Ti, Ni and Fe compositions from 3-D stack of 44 EDS maps (6 min each), superimposed on the projection of the liquidus
in (a) and the 1000 C isothermal section of the Fe–Ni–Ti phase diagram in (b) [2]. The logarithm scale for this histogram is shown at the top right corner.
In (b), the labeled polygons give the threshold used for segmentation, and the inset shows a part of the ternary histogram with threshold values set parallel
to the three main axes of the Gibbs simplex.
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shown in the inset of Fig. 8b for regions corresponding pri-
marily to Fe2Ti (region 5) and c-(Fe,Ni) (region 6). The
dashed line drawn between these two regions links the two
maxima of the composition histogram and goes through a
saddle point in between. The ternary histogram shows a
symmetry with respect to this line, but the boundary sepa-
rating these two domains does not respect this symmetry
since it is parallel to the edges of the Gibbs simplex and
not perpendicular to this line. This will lead to an incorrect
segmentation for regions of the 3-D stack having composi-
tions close to the boundary between regions 5 and 6.
In order to be able to deﬁne domain boundaries, which
are not necessarily parallel to the edges of the Gibbs sim-
plex, we can deﬁne lines that satisfy a constraint of the type
(AFeCFe + ANiCNi + ATiCTi) = B, where the A and B are
parameters, in addition to the condition (CFe + CNi + -
CTi) = 1. Alternatively, one can deﬁne for each composi-
tion Ci two parameters, dmin,i and dmax,i, such that:
tmin;i 6 Ci  dmin;iCj
tmax;i > Ci  dmax;iCj where i; j ¼ Fe;Ni;Ti
ð2Þ
with i diﬀerent from j. The factors dmin,i and dmax,i thus al-
low rotation of the boundaries of the threshold domain so
that they are perpendicular to the “path” of the composi-
tion histogram as shown in the overall Gibbs simplex of
Fig. 8b.
According to the measured compositions and the phase
diagram, four phases are involved in this region of the
solidiﬁed weld: the NiTi wire on the right of the Gibbs sim-
plex and its associated solid solution (Fe,Ni) Ti, Ni3Ti,
Fe2Ti, and c-(Fe,Ni). These four phases can appear as sin-
gle-phase composition domains in the microstructure ifthey can be resolved with the present segmentation tech-
nique, or as a mixture of two or more phases if such is
not the case (e.g. a ﬁne eutectic or eutectoid region). In
the present case, six composition domains identiﬁed in
Fig. 8b (domains 1–6) have been segmented with this
approach. Their composition domain boundaries coincide
with those of neighboring domains in order to have all
the voxels attributed. These domains are now discussed
in terms of solidiﬁcation and diﬀusion paths.
The NiTi base wire, which was not melted during weld-
ing, appears on the right of the SE image contrast of Fig. 5:
it is identiﬁed as composition domain 1 in Fig. 8b. Next to
it (domain 2), one ﬁnds a solid solution (Fe,Ni) Ti identical
in crystallographic structure to NiTi but enriched in Fe.
Considering the liquidus projection of (Fe,Ni) Ti
(Fig. 8a), this surface exhibits a maximum in temperature
near the center of the Gibbs simplex. Since the line joining
the NiTi wire to c-(Fe,Ni) does not cross this maximum,
the solidiﬁcation path remains on the side of the peritectic
point U2 and does not go towards the other side U3. The
(Fe,Ni) Ti phase starts its growth from the unmelted NiTi
wire on the side of the melt pool as a planar front (since the
velocity is zero at the weld pool trace), then rapidly devel-
ops cells and dendrites as the velocity increases. Once the
eutectic monovariant line U2–e3 is reached, the Ni3Ti
phase can form (domain 3). Note that the maximum of
composition in Fig. 8a is very close to the monovariant line
U2–e3 and thus probably corresponds to an unresolved
eutectic morphology comprised of (Fe,Ni) Ti/Ni3Ti lamel-
lae or ﬁbers.
Considering now the Fe-rich side of the line joining NiTi
to c-iron, it can be seen from Fig. 8a that the Fe2Ti phase
can form at higher temperature (between 1300 and
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of the (Fe,Ni) Ti/Ni3Ti eutectic. This corresponds to
domain 5 in Fig. 8b. As it grows, the composition path
reaches the eutectic monovariant line U1–E1 and c-(Fe,Ni)
can form, corresponding to domain 6. Again, the maxi-
mum of this composition domain is close to the monovari-
ant line and thus this domain is probably a eutectic
comprised of both c-(Fe,Ni) and Fe2Ti. Finally, the micro-
structure formed from the NiTi wire (domains 2 and 3) and
the one nucleating and growing in the melt (domains 5 and
6) meet at a region close to the monovariant line U2–E1.
Note that this line has a saddle point and that the corre-
sponding composition domain 4 seems biased toward the
ternary eutectic point E1.
The limits of the threshold domains (factors t in Eq. (2))
were ﬁnely tuned so as to approach the gray level boundary
of the SE images. Orthogonal views through the middle of
the stack are shown in Fig. 9. SE gray level images are
overlaid with the six colored composition domains (1–4–5(b)
(a)
Fig. 9. Orthogonal views of SE images with superimposition of the
colored composition domains 1–6 (1–4–5 in (a), 2–3–6 in (b)). Thresholds
for the six composition domains are deﬁned in Fig. 8. The white lines show
the position of the other orthogonal views.at the top, 2–3–6 at the bottom). Complex ﬁne structures
such as the interface between domains 2 and 3 or the two
contrasts in the SE image in domain 6 cannot be resolved
with EDS maps.
3.3. Segmentation reﬁnement
A second segmentation step is applied considering SE
images in order to go beyond the spatial resolution limit
of EDS maps. Two regions with a ﬁne microstructure were
treated in this way, the composition domain 6, which is sus-
pected of being a c-(Fe,Ni)/Fe2Ti eutectic, and domains 2
and 3, which most likely correspond to (Fe,Ni) Ti den-
drites and to a (Fe,Ni) Ti/Ni3Ti eutectic, respectively.
These regions were isolated from the rest of the SE images
using the composition domains of Fig. 9 as masks. The
gray level of the SE images allows one to ﬁnely segment
these regions into subdomains which might correspond to
individual phases of each eutectic (see Fig. 10). A very good
example of the higher resolution that can be achieved is
provided by the bottom region of domain 3 in the x  y
orthogonal slice of Fig. 9: it is a nearly uniform orange
zone in this ﬁgure, whereas in Fig. 10, it clearly appears
as a eutectic zone made of blue (zone 2, (Fe,Ni) Ti) and
orange (zone 3, Ni3Ti). Similarly, domain 6, which was a
uniform yellow region in Fig. 9, is now a yellow and red
composite in Fig. 10, corresponding to c-(Fe,Ni) and Fe2-
Ti, respectively. This correspondence is conﬁrmed by EDS
measurements in the yellow region (subdomain 6a) that
shows a lower Ti content than the ones in the red region
(subdomain 6b).
Fig. 11 shows a ﬂowchart that summarizes the segmen-
tation method. First, a ternary histogram is generated from
the elemental maps. In order to isolate chemically similar
regions, threshold domains are deﬁned on this histogram.
The limits of these domains are then ﬁnely tuned with the
help of phase visualization overlaying SE images. FurtherFig. 10. Orthogonal views of SE images with reﬁned domains (2, 3, 6a and
6b) superimposed. The domains of Fig. 9 are reﬁned with SE image
contrast. The white lines show the position of the other orthogonal views.
Fig. 11. Flowchart of the segmentation method. First row: input stacks.
Second row: segmentation steps. Arrows: processes.
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olds on the SE images.
3.4. Phase formation
The seven regions, 1–6 with a further distinction of 6a
and 6b, obtained with the reﬁned segmentation (Figs. 9
and 10) can be used for 3-D visualization. A surface recon-
struction of the seven domains is presented in Fig. 12. In
this section, the phase formation is summarized based on
this visualization.
This 3-D reconstruction of the phase formation
sequence made by FIB slicing and EDS mapping analysis
illustrates well the solidiﬁcation and diﬀusion paths fol-
lowed by the weld pool during solidiﬁcation. At the end
of the laser pulse, when solidiﬁcation starts, the weld is
completely molten and only the NiTi base wire (phase 1)
is solid in the analyzed volume. The ﬁrst phase to form dur-
ing solidiﬁcation is the (Fe,Ni) Ti phase (phase 2), which
grows epitaxially from the NiTi wire, ﬁrst with a planar
front morphology, then as cells/dendrites. Once the U2–
e3 eutectic line is reached, the remaining liquid in between
the dendrite arms solidiﬁes as a eutectic with the formation
of the second-phase Ni3Ti (region 3). In the Fe-rich part of
the weld, the Fe2Ti phase forms at higher temperature by
nucleation and growth from the melt (domain 5). In
between the dendrite arms, the Ti-poor melt solidiﬁes asFig. 12. Surface reconstruction of the seven regions identiﬁed by combined
dendrites; region 3: Ni3Ti formed in the U2–e3 eutectic; region 4: thin region
region 5: Fe2Ti dendrites; region 6: eutectic made of c-(Fe,Ni) in yellow (a) aa c-(Fe,Ni)/Fe2Ti eutectic (regions 6a and 6b), following
the monovariant line U1–E1. Finally, when regions 5–6
and 2–3 meet, region 4 forms, probably as a ternary eutec-
tic E1.
4. Conclusion
In this research, the complex microstructure formed in a
NiTi–SS laser-welded joint was studied with 3-D EDS by
FIB/SEM. With this technique, a 3-D stack of elemental
distribution maps (from EDS) and SE images was
acquired. To identify all the phases with suﬃciently high
accuracy, a new segmentation method that uses both com-
position maps and SE images of higher spatial resolution
was developed.
A ﬁrst segmentation was done based on the measured
compositions and on the ternary Fe–Ni–Ti phase diagram.
Individual phases corresponding to fairly coarse structures
such as the base NiTi wire or dendrites could be directly
identiﬁed. In other cases such as eutectics, the microstruc-
ture was too ﬁne to be resolved with EDS maps only. A
reﬁned segmentation based on SE images was then under-
taken to isolate individual phases in otherwise unresolved
EDS elemental maps. Phases appearing in two eutectics
were clearly identiﬁed this way.
Using a 3-D visualization of the segmented phases, a
careful analysis of the NiTi–weld interface revealed the
absence of an intrinsic layer at the crack nucleation site.
The appearance sequence of the various phases/morpholo-
gies revealed by the present analysis could be clearly corre-
lated with the ternary Fe–Ni–Ti phase diagram and with
the solidiﬁcation phenomena occurring during single-pulse
laser welding.
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